There is abundant evidence for widespread microbial activity in deep continental fractures and aquifers, with important implications for biogeochemical cycling on Earth and the habitability of other planetary bodies. Whitman et al.
Introduction
Microbial life in continental aquifers and deep fractures constitutes a large carbon reservoir and may play an important role in global biogeochemical cycles. However, little is known about its total size, diversity, activity or distribution across time and space. In a widely cited paper, Whitman et al. (1998) estimated a continental subsurface biomass on the order of 10 16 -10 17 g C and a marine subsurface (i.e. subseafloor) biomass on the order of 10 17 g C. Kallmeyer et al. (2012) found that Whitman et al. had overestimated marine subsurface biomass by 1-2 orders of magnitude. Hence, a reassessment of continental subsurface biomass is timely. Here, we attempt this reassessment using recent measurements of groundwater microbial population density, cell carbon content and the ratio of free-living to attached microorganisms in groundwater. Whitman et al. (1998) calculated terrestrial subsurface prokaryotic cell numbers in the top 4 km of groundwater by three methods based on weakly constrained estimates for key global parameters. Using cell counts measured in a range of marine and terrestrial unconsolidated sediments and extrapolated below 600 m (on the assumption of a logarithmic decline with depth), they obtained a total of 2.5 9 10 29 cells: a minimum value because unconsolidated sediments represent only a small part of the continental subsurface. Secondly, using rock porosity and cell volume as a percentage of pore space, they obtained a total of 2.2 9 10 30 cells. Finally, using the global volume of groundwater, an average number of unattached cells per volume of water ('cell density'), and a ratio of grain-surface-attached to unattached cells, they obtained 2.5 9 10 30 cells. Despite the limited scope of the minimum value calculated from unconsolidated sediments, the cell numbers and associated biomass were reported to range from 2.5 to 25 9 10 29 cells, and 22 to 215 Pg of carbon (1 Pg = 10 15 g), assuming a rather large cell mass of 172 fg (50% C, i.e. 86 fg C). In a study of marine subsurface cell numbers, Kallmeyer et al. (2012) adopted the arithmetic mean of these upper and lower biomass estimates for the terrestrial subsurface, that is, 119 Pg C. Fry et al. (2009) raised the lower estimate for the number of cells to 6 9 10 29 on the assumption that there is no decline in cell density with depth, contrary to the inference made by Whitman et al. (1998) from submarine trends.
From a small data set, Whitman et al. (1998) calculated an average density of free cells of 1.54 9 10 5 mL À1 in groundwater and assumed that only 0.058% of cells are free, while the rest are attached to grain surfaces, yielding a total of 2.5 9 10 30 cells in a groundwater volume of 9.5 9 10 21 mL. For an assumed cellular carbon content of 86 fg C, this represents 215 Pg carbon. Using more recent data, we reassess the three critical parameters of groundwater cell density, proportion of unattached cells and cell carbon content, bearing in mind that cells in the deep subsurface typically exhibit adaptation to starvation survival (Amy et al., 1993; Kieft et al., 1997) .
Methods

Groundwater cell density
We compiled c. 120 individual measurements of unattached microbial cell densities (cells mL
À1
) from 24 studies representing continental aquifers and fracture waters at depths ranging from 10 to 3600 m (Table 1) . To determine a global average groundwater cell density as a function of depth, the arithmetic mean cell count was calculated for each 250-m-depth interval for each sampling site. The global arithmetic mean in each depth bin was then calculated from these local means. Binning in this way was intended to clarify global trends by mitigating the heavy sampling bias towards shallower depths and In fact, only the shallowest six depth bins, spanning 1500 m, were sampled in four or more distinct sites (Table 2) . Mean cell densities for these bins are shown in Fig. 1 (bars).
Groundwater volume and distribution
To convert the cell density-depth profile into total unattached cell numbers requires a known volume of groundwater and a groundwater volume-depth distribution so that the depth-binned cell density averages can be weighted by the proportion of groundwater present in each depth interval. Sokolov (1977) estimated a global groundwater volume of 2.43 9 10 22 mL. Following Whitman et al. (1998), we assume that the entire volume of groundwater represents habitable space. Whitman et al. used a volume of 9.5 9 10 21 mL groundwater in 4 km depth. We use a volume of 10 22 mL for 2 km depth (Fry, 2005) , which avoids spurious precision. We assume that the vertical distribution of this habitable space follows the simple porosity-depth relationship (compaction curve) given by Athy's law (Athy, 1930) :
Àkz where φ = porosity, φ 0 = surface porosity, k = the compaction coefficient and z = depth. Because sandstone hosts a large proportion of the world's groundwater (Foster & Chilton, 2003) , compaction coefficients were extracted from seven studies of marine and continental sandstones to determine the required weighting (Fig. 2) .
If no weighting is applied, the mean cell density is 4.1 9 10 5 cells mL
À1
. Weighting by the minimum and maximum values of k yields total average densities 4.8 9 10 5 and 6.1 9 10 5 cells mL À1 respectively, assuming that the mean cell density in the 1750-to 1999-mdepth bin, for which no data were available, follows the logarithmic trend extrapolated from the 0-to 1749-m cell densities (R 2 = 0.84). The average k value, 5.3 9 10 À4 m
, yields an average cell density of 5.2 9 10 5 unattached cells mL
, an increase of c. 27% over the unweighted value. The final biomass estimate is increased proportionally.
Attached vs. unattached cells
The ratio of attached to unattached cells in the deep continental biosphere is poorly constrained. Using data from a single sandstone aquifer (Hazen et al., 1991) , Whitman et al. (1998) determined that 0.058% of cells in In a pristine groundwater site, Griebler et al. (2002) reported data equivalent to an attached/unattached ratio of about 1050 (mean of 7 ratios over 10 months). Alfreider et al. (1997) report data equivalent to a mean total/unattached ratio of 1010 from four groundwater wells, assuming 30% porosity. A simulated basalt aquifer system has yielded 99% biomass attached to the substrate (Lehman et al., 2001) , that is, a ratio of about 100, but using a mean particle size coarser than sand. Similarly, a coarse (gravelly) natural aquifer yielded ratios of between 10 and 10 3 (K€ olbel-Boelke et al., 1988) . For a typical fine to medium sand, the particle surface area would be an order of magnitude greater and the resultant ratio also greater. However, still finer-grained clays and silts have been reported to support lower abundances of microorganisms than adjacent sands, perhaps because of restrictively small pore size (Sinclair & Ghiorse, 1989; Fredrickson et al., 1997) .
Lower ratios have also been measured (ranging down to < 1; see review in Cozzarelli & Weiss, 2007) , but for oil-bearing or contaminated aquifers where nutrient supplies are high. Where nutrient levels are limited, as expected in most of the deep biosphere, attachment favours survival (Marshall, 1988; Griebler et al., 2002) . Indeed, the proportion of viable cells is higher in the attached than in the unattached population (Hazen et al., 1991) . As the world's major aquifers occupy clastic sediments and sedimentary rocks ranging in particle size from silt to gravel (Foster & Chilton, 2003) , we adopt a range from 10 2 to 10 3 to scale up from viable groundwater cell determinations to the whole sample; this results in an order-of-magnitude range in the final biomass estimate.
Carbon content of cells
The carbon content of cells varies widely, and indeed the biomass calculation of Whitman et al. (1998) uses values ranging from 10 to 100 fg C for different host environments, including 86 fg C for terrestrial subsurface cells. A recent synthesis of numerous studies of carbon contents in bacteria, not specific to the subsurface, indicates a majority of values in the range 20-100 fg C (Romanova & Sazhin, 2010) . However, in a nutrient-limited deep biosphere, it is safer to adopt a mass typical for bacterial cells in starvation conditions, for which a mean and consistent value of 26 fg C has been determined from 10 cultivated strains (Troussellier et al., 1997) . We therefore adopt this value, with the caveat that uncultured and environmental species may commonly have still smaller cell biomass.
Results and discussion
Biomass
Weighting the extrapolated cell density-depth distribution (< 1749 m) by the distribution of groundwater yields an average cell density of 5.2 9 10 5 cells mL À1 in the top 2 km. This revises upwards the equivalent value of 1.54 9 10 5 determined by Whitman et al. (1998) and represents 5.2 9 10 27 unattached cells according to a groundwater volume estimate of 10 22 mL. Combining these estimates with an attached/unattached ratio ranging from 10 2 to 10 3 and a cellular carbon content of 26 fg C yields a total biomass of 14-135 Pg for the top 2 km of continental crust (Table 3 ). The relative insignificance of deeper biomass can be crudely illustrated by extrapolating the logarithmic groundwater volume-depth and cell density-depth curves to 5 km, which yields a total biomass c. 0.2% greater than the 2-km estimate (The assumption that cell density continues to decline logarithmically below 2 km is discussed in the next section). Excluding the two data points in the 1500-1749 depth bin also increases the total biomass by < 1%. (Kominz & Pekar, 2001 ); (4) Terrestrial oil and gas reservoirs, USA (Maxwell, 1964) ; (5) Nigeria delta/coastal plain (Benjamin & Nwachukwu, 2011) ; (6) Mount Simon aquifer, USA (Medina et al., 2011) ; (7) Petroleumbearing sandstones, USA (Chapman et al., 1984) . The mean (black) closely matches Kominz & Pekar (2001) .
The new biomass estimate overlaps the range suggested by Whitman et al. (1998) for the top 4 km and represents 2-19% of Earth's total biomass (Kallmeyer et al., 2012) . Using the marine subsurface biomass of 1.5-22 Pg estimated by Kallmeyer et al., we obtain the surprising result that continental subsurface biomass may be equal to or larger than the marine subsurface biomass, which amounts to 0.2-3.5% of Earth's total. Nevertheless, the continental estimate should be regarded as conservative given that:
(1) The data used in this calculation are skewed towards aquifers (which are most commonly of sand grain-size) and fractured crystalline rock (which are effectively coarse-grained). Finer-grained sediments are likely to have higher ratios of attached/unattached cells (Albrechtsen, 1994; Griebler et al., 2002) , which may substantially raise the true biomass; on the other hand, clays and silts have been reported to support lower abundances of microorganisms than adjacent sands (Sinclair & Ghiorse, 1989; Fredrickson et al., 1997) .
(2) Measurements from coal and hydrocarbon-producing systems, which provide exceptional carbon sources for heterotrophic communities, were not included. Such deposits probably do not host a large fraction of continental groundwater, but they may perhaps contribute significantly to the total biomass (given that microbial populations grow geometrically). Similarly, nutrient-contaminated groundwaters were not included. (3) Most of the world's groundwater is stored in clastic sedimentary aquifers (Foster & Chilton, 2003) , which contribute only 30% of the available cell density database. If the average cell density is extrapolated from these data alone, which include the highest reported values, the estimated biomass rises about twofold. However, there are too few data to say with confidence whether cell densities are consistently higher in any particular lithological context.
There are at least three other sources of major uncertainty attached to our estimate. Firstly, the wells from which groundwater samples are taken can themselves be a source of microbial contamination or a focus for biofilm formation. Basso et al. (2005) found that purging and mechanically cleaning an 800-m-deep well caused an order of magnitude decrease in the cell density of the groundwater it sampled. Sampling techniques and precautions taken to avoid contamination differ widely between studies. Secondly, cell counts were measured using fluorescent stains, which can sometimes infiltrate mineral particles, leading to falsely high cell counts (although some studies guard against this; Murakami et al., 2002) . Thirdly, and perhaps most importantly, the geographical and geological distributions of cell count data do not reflect the variety of the Earth's continental crust or groundwater. The Fennoscandian shield and the Witwatersrand Basin of South Africa are over-represented, and most of the world's major aquifer systems are absent from the data set.
Cell density-depth distribution
By analogy with the marine subsurface biosphere, Whitman et al. (1998) expected groundwater cell densities to decrease logarithmically with depth below the continental surface, an inference recently challenged (Fry et al., 2009; Breuker et al., 2011) . In our data set, the six 250-m averages in the top 1499 m, each representing at least four separate groundwater reservoirs, fit reasonably well to a logarithmic regression (R 2 = 0.78), suggestive of a global trend over this depth interval. Only two reservoirs are sampled by the 1500-to 1749-m bin but, if included, these measurements continue the apparent logarithmic decline (R 2 = 0.84). If the very low measurement of 2.0 9 10 2 cells mL À1 at 1700 m (Borgonie et al., 2011 ) is regarded as an outlier and excluded, R 2 rises to 0.86 (increasing the final biomass estimate by < 1%).
Unfortunately, few groundwater cell density measurements are available from below this depth, and all hail from the same geological system, the Witwatersrand Basin of South Africa. This basin lies in a stable cratonic region and therefore maintains very low geothermal gradients (< 10°C km
À1
; Omar et al., 2003) and hence potentially deeper habitable conditions than average continental crust. At depths > 3 km, Kieft et al. (2005) and Borgonie et al. (2011) recorded low cell densities (respectively 4 9 10 3 mL
at 3100 m and 3.4 9 10 3 mL À1 at 3600 m) consistent with the global logarithmic decline suggested by the shallower data set, although Borgonie et al. reported even lower cell densities at 1300 and 1700 m (3.0 9 10 3 and 2.0 9 10 2 mL À1 respectively; the latter not in the Witwatersrand). Inclusion of these data improves the goodness of fit of the depth bin averages to It seems plausible that a global decline in cell densities through shallower depths might reflect the diminishing supply of photosynthetic organic matter from above, while deeper communities are supported independently by geochemical carbon sources and redox reactants. However, microbial communities in the Witwatersrand may be atypical for continental environments at these depths, even in a cratonic basin; local phenomena including abiogenic hydrocarbon generation and an anomalous radiolytic hydrogen flux may provide exceptional habitats for microorganisms Borgonie et al., 2011) . Hence, more data are needed, particularly from multi-kilometer deep settings geographically and geologically distinct from the Witwatersrand Basin, before a 'typical' continental cell density-depth profile can be constructed robustly. On balance, however, we cautiously suggest that the global data set does support a logarithmic decline with depth in groundwater cell densities, as postulated by Whitman et al. (1998) . This is a distinct question from the distribution of biomass per se, which is shaped by the roughly exponential decline with depth in the availability of pore space and groundwater.
Future prospects
To further constrain deep continental biomass, a much wider range of depths, aquifer systems and lithological contexts must be sampled for measurements of cell population density and cell carbon content. The apparent decline with depth in both habitable space and groundwater cell density suggests that biomass below 2-km depth may contribute only marginally to the total. However, much more extensive drilling at these depths is necessary to clarify global trends, especially given the unexpectedly high cell counts c. 3 km deep in the Witwatersrand Basin. Many of the world's largest aquifer systems are missing from the present data set. The potential for the discovery of new organisms and new community structures is suggested by the identification of a fracture in the Witwatersrand dominated by a single previously unknown genus of bacterium (Chivian et al., 2008) . The most poorly constrained variable in the present study is the ratio of attached and unattached cells; more work is needed to understand and predict how this ratio varies with lithology and community structure. There is also a pressing lack of quantitative data about the global volume of groundwater and its three-dimensional distribution.
Conclusions
A reappraisal of groundwater cell density, cell carbon content and the ratio of attached to unattached cells predicts a total subsurface continental biomass between 10 16 and 10 17 g carbon. Hence, the continental subsurface biomass may be similar to or even larger than the subseafloor biomass. The data appear to indicate a global logarithmic decline in groundwater cell density with depth. The biomass estimate is similar to that of Whitman et al. (1998) but should be regarded as conservative given the cautious choice of assumptions.
